NMDA receptor channels, heteromeric assemblies of subunits with diverse subtypes, play critical roles in various kinds of synaptic plasticity underlying learning and memory. To elucidate the roles of subunits NR2A and NR2C in motor learning, we investigated acquisition of the classically conditioned eyeblink response in a delayed-conditioning paradigm by gene knockout mice. Mutant mice lacking NR2C exhibited no significant defect; however, early acquisition of the task was impaired in mutant mice lacking NR2A or both NR2A and NR2C. Based on the distribution of these subunits in brain, these results indicate that acquisition of the conditioned response does not depend on NMDA receptors in the cerebellar cortex, but that its early acquisition involves the hippocampus and/or cerebellar deep nuclei.
Introduction
The NMDA receptor, one of the three major subtypes of ionotropic glutamate receptors, is highly permeable to Ca 2+ and plays a key role in various kinds of synaptic plasticity underlying memory and learning. On the basis of the amino acid sequence, the NMDA receptor subunits are classified into two families, the NR1 and NR2 (NR2A-NR2D), and the functional activities of NMDA receptor channels require the heteromeric assemblies of NR1 with one or more NR2 subunits. The diversity of NR2 subunit is assumed to be responsible for the functional diversity of NMDA receptor channels in the brain. 1, 2 Mutant mice lacking these subunits should be useful for elucidating the roles of these diverse subtypes. Impairments in spatial learning and in the long-term potentiation (LTP) in the hippocampus have already been demonstrated in NR1-or NR2A-deficient mutant mice. 3, 4 Some of the present authors reported that disruption of both NR2A and NR2C causes motor incoordination, suggesting their involvement in cerebellar function. 5 The mRNA for the NR2A subunit is widely expressed in the brain of adult mice, including cerebellar granule cells and deep nuclei, and is especially enriched in the hippocampus. 3 In contrast, the mRNA for NR2C is localized only in the cerebellar granule cells. 6 Eyeblink conditioning is a type of motor learning that depends crucially upon the cerebellum. Thompson and his colleagues demonstrated in their detailed lesion experiments that the memory trace for eyeblink conditioning, in a standard delayed paradigm, is localized in cerebellar neural circuits including the cerebellar cortex and deep nuclei. 7, 8 The hippocampus was also shown to modulate this type of learning. [9] [10] [11] [12] Although many studies using NMDA receptor antagonists suggested that activation of NMDA receptor channels are involved in the acquisition of eyeblink conditioning, [13] [14] [15] [16] the subtype of NMDA receptor subunit which is critical for this acquisition has not been clarified. The present study addresses this issue by investigating the conditioned eyeblink response in mutant mice deficient in NR2A and/or NR2C.
Materials and Methods
Animals: Mice lacking NMDA receptors NR2A and/or NR2C were obtained as described previously. 5 These animals were individually housed with a 12:12 h light:dark (LD) cycle and had access to food and water ad lib.
Ca
2+ imaging: Sagittal slices (175 m) of cerebellar vermis were prepared from 4-to 6-week-old animals. Slices were incubated for 1 h in artificial cerebrospinal fluid (ACSF) containing (in mM): 138. Surgery: Animals weighing 20-27 g were anesthetized with ketamine (80 mg/kg, i.p.) and xylazine (20 mg/kg, i.p.). The surgery, and conditioning apparatus and procedures were essentially the same as those devised by In brief, four Teflon-coated stainless-steel wires were implanted s.c. under the left eyelid. Two of the wires were used to record eyelid electromyographs (EMGs) and the remaining two to deliver the unconditioned stimulus (US).
Conditioning apparatus and procedure:
A 352 ms tone (1 kHz, 80 dB) was used as the conditioned stimulus (CS) and a 100 ms electrical shock (100 Hz square pulses) as the unconditioned stimulus (US). For paired trials, the US overlapped with the CS in time such that the two stimuli terminated simultaneously. Daily training consisted of 100 trials grouped into 10 blocks. Each block included one CS alone (at the sixth trial) and nine CS-US paired trials. Inter-trial intervals were randomized between 20 and 40 s with a mean of 30 s. The US intensity was carefully determined as the minimal voltage required to elicit an eyeblink head turn response, and adjusted daily for each animal. Experiments were performed for 8 days during the light phase of the LD cycle in a cylindrical Plexiglas container (14 cm in diameter) placed in a sound-and light-attenuating chamber.
EMG analysis: The EMG signal was recorded for one second, band-pass filtered between 0.15 and 1.0 kHz, and fed into a computer at a sampling rate of 2.5 kHz. Absolute amplitude was averaged every 4 ms, denoted as dEMG, and stored in 250 consecutive bins. The results were classified into four categories. (i) A trial was regarded as a spontaneous eyeblink if dEMG was larger than the threshold (150 V), or if the s.d. of the variance in the dEMG during the pre-CS period (63 bins) was larger than the mean value of dEMG during the pre-CS period. (ii) Excluding the trials meeting criterion (i), a trial was regarded as a startle response to the CS if a dEMG above the threshold was detected during the 7 bins after CS onset. (iii) After excluding the above two cases, trials were regarded as CRs if a dEMG was larger than the sum of the mean dEMG during the pre-CS period and s. Surgery and analysis were performed by the investigators who did not know the genotype of the mice. Y. Kishimoto et al. Classical eyeblink conditioning: Wild-type mice (n = 7) exhibited a rapid increase in frequency of CRs during the initial 140 trials and they reached a plateau at the end of the second day (Fig 2) . In contrast, NR2A -/-mice (n = 7) showed a slower increase in the CR frequency over the first 3 days (Fig. 2A) . The CR frequency of NR2A -/-mutants during the second day was remarkably lower than those obtained with wild-type mice. After the fourth day, however, differences were no longer evident between the wild-type and NR2A
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-/-mice. NR2A -/-/NR2C -/-mice (n = 8) showed a similar evolution of CRs (Fig. 2C) . On the other hand, NR2C
-/-mice (n = 8) were not significantly different from wild-type mice through the entire 8-day experiment period (Fig. 2B and below) . The results for the second day (trials 101-200 in Fig. 2A-C 
NR2A
-/-/NR2C -/-mice (p = 0.017) were significantly lower than in wild-type mice, while no difference was detected between wild-type and NR2C -/-mice (p = 0.114).
Eyeblink conditioning in NMDAR-deficient mutant mice Apparently, these mutant mice do not display the ataxia or any sign of tremor, but walk normally. 5 However, to examine further the possibility that the impairment of acquisition of CRs observed might be due to disturbance of sensorimotor reactivity, we evaluated the spontaneous eyeblink rate and the sensitivity to the CS in mutant mice. Figure 3A shows the relative frequency of spontaneous eyeblinks (see Materials and Methods) during the first 3 days. No statistically significant difference was observed among the four genotypes (F(3,89) = 1.912, p = 0.134). Figure 3B shows the incidence of the acoustic startle responses for the first 3 days. The startle response is possibly an index of the sensitivity to the CS. Significant differences were not detected among all the genotypes examined (F(3,89) = 0.246, p = 0.864).
Discussion
Mutant mice deficient in NR2A, or both NR2A and NR2C, exhibited a significant impairment of acquisition of the conditioned eyeblink response during early stages of learning. In addition, spontaneous eyeblink and startle response frequencies were unaffected in all types of mutant mice studied, indicating that basic motor activity and sensitivity to the CS (80 dB tone) were not disturbed in these mutants. Thus, the impairment of early acquisition is not attributable to disturbances of sensorimotor performance but some learning process in its early stage is indeed impaired by the deficiency of NR2A subunits, but not of NR2C. The present study showed that NR2A plays a critical role in early acquisition of the CRs, but not in determining the final level of CRs attained. These present results are consistent with previous experiments in which NMDA receptor antagonists CGP3955 and MK801 only slowed acquisition of conditioned eyeblink responses. 14, 16 However, in these pharmacological studies the subtype of NMDA receptor subunit critical for this acquisition was not determined. The present study has clearly demonstrated that NR2A plays a critical role during early acquisition.
There is agreement currently that the cerebellar cortex is especially important for classical eyeblink conditioning and that long-term depression (LTD) of the transmission from parallel fibers, the granule cell axons, to Purkinje cells is one of its cellular substrates. 8, [17] [18] [19] [20] None of the NR2 subtypes is expressed in Purkinje cells; 6, 21 however, only granule cells express NR2A and, more abundantly, NR2C, according to in situ hybridization experiments. 6 Consistent with this and an electrophysiological study, 5 -/-mice than those from NR2A -/-mice. However, impairment of learning was observed in mice with disruption of NR2A, but not of NR2C. Therefore, the functional deficiency of NMDA receptors of granule cells may not explain the impairment of the early acquisition of the CR. The present results indicates that the functional alteration in the cerebellar cortex cannot be responsible for the impairment of early acquisition of the CR.
Based on the distribution of NR2A, the present study suggests that the early acquisition of the conditioned eyeblink response involves the cerebellar deep nuclei and/or hippocampus.
The occurrence of neuronal plasticity in the cerebellar deep nuclei, especially interpositus nuclei, is now at issue and its contribution to the conditioned eyeblink response is disputed. 8, [20] [21] [22] Neurons of this nucleus receive inhibitory output from Purkinje cells, and CS and US inputs, and lesions of this site abolished conditioned eyeblink responses. 20 It has been predicted theoretically that Hebbian plasticity exists between mossy fibers and interpositus nuclei. [23] [24] [25] These neurons are highly responsive to NMDA, 8 and NR2A is the most abundant among the four NR2 subtypes. 6 If the plasticity in cerebellar deep nuclei indeed exists, it is plausible that NMDA receptor are important for this plasticity like LTP in CA1 region of hippocampus. Therefore, the impaired learning may be due to the NR2A deficiency at this site. However, the plasticity itself has yet to be experimentally confirmed.
Since the acquisition of conditioned eyeblink responses in standard delayed paradigm tasks is not affected by hippocampal ablation, it is usually defined as hippocampus-independent. [7] [8] [9] [10] [11] However, the hippocampus is thought to modulate the conditioned eyeblink response because altering hippocampal neuronal activity severely slows acquisition of CRs. [9] [10] [11] [12] In other words, the activity of the hippocampus can influence the rate of acquisition, but not the final level of CRs. Servatius hypothesized that hippocampal LTP, which is NMDA receptor-dependent, contributes to facilitation of the acquisition of associative information.
14 NR2A -/-mice were reported to show disturbed LTP in hippocampal CA1 region. 3 Our results that NR2A -/-mice show impairment of early acquisition of conditioned eyeblink responses may support the hippocampal hypothesis.
Conclusion
Early acquisition of the conditioned eyeblink response is impaired in mutant mice deficient in NMDA receptor subunit NR2A, or both NR2A and MR2C, but not in only NR2C. Motor activity and sensitivity to the CS (tone) are not disturbed in these mutant mice. The present study revealed that NR2A is critical for early acquisition of the CRs, and these results are consistent with the idea that hippocampal LTP contributes to the acquisition rate of the CR and/or with the idea that the hypothetical plasticity in the cerebellar deep nuclei is involved in eyeblink conditioning.
